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A STUDY
oF
TRACE CONTAMINANT IDENTIFICATION
BY
MICROWAVE DOUBLE RESONANCE SPECTROSCOPY
By Richard J. Volpicelli, Otto L. Stiefvater

and George W. Flynn
Research Systems, Inc.

SUMMARY

A microwave double resonance spectrometer has been assembled. It operates
with pump freduencies between 12 GHz and 18 GHz and signal fredquencies between
26.5 GHz and 40 GHz. The absorption cell consists of a coiled 100' section of
X-band guide. Modulation of the double resonance phenomenon is achieved through
frequency modulation of the pump radiation, the modulation fredquency being
100 KHz.

‘For each of the five molecules (CHBCHZCOHl) CH30H20H201, CHBCHZCOOH,
(CHB)ES’ and CH20120ne or two double resonance connections were selected and
suitable for the identification of these compounds. The amplitude of the
double resonance signals has been studied as a function of the sample pressure
for both pure samples and samples diluted in air. In typical cases double
resonance signals can be observed in the pressure range from 1 yHg to ~ 100 uHg.
The smallest detectable amount of a gas contaminant was found to be of the
order of ~ .3%.

In mixtures of several gases with rich microwave spectra the double
resonance technique affords a rapid and extremely specific method for identi-
fying individual components. There is no ambiguity on account of interference
from neighboring and/or overlapping lines with only one double resonance con-

nection required to identify the compound from which it arises.
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The Double Resonance Technique

Microwave spectroscopy came into its own with the development of the
Stark-modulated spectrometer by Hughes and Wilson in 1947,(1) Since that
time the microwave spectra of many molecules have been studied.

In microwave spectroscopy, radiation is passed through a waveguide cell
which contains the gaseous molecule of interest. At microwave frequencies
equal to the separation of molecular rotational energy levels, microwave
power 1s absorbed. Absorption frequencies are characteristic of the structure
of the molecule,

The sensitivify of the absorption detection is enhanced in the Stark-
modulated spectrometer by the introduction of an alternating electric field
applied transverse to the direction of the propagating microwave power. The
alternating electric field perturbs the molecules through the Stark effect.
Thus, the microwave power absorbed by the gas is modulated at the frequency
of the applied alternating electric field. TLock-in debtection at thils fre-
quency provides considerable improvement in signal-to-noise over direct
absorption detection.

The microwave double~resonance spectroscopy, radiation of two fredquencies

is passed simultaneously through the gaseous sample under investigation. Let

¥ Professor of Chemistry, Stanford University (Consultant)
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us assume that the molecule being studied possesses rotational energy levels

El’ EZ’ and E3' (See Fig. 1) If there are nonvanishing dipole-moment matrix
elements between states 1 and 2 and between

states 2 énd 3, transitions will occur at fre-

quencies given by f, = 1/h (E2 - El) and f, =

1/h (E3 - EZ)' Double gquantum transitions can

occur if the intensity of either £, of £, (or Es

1
both f1 and f2) is high enough to produce appre-

ciable power saturation.
A double-resonance microwave technique has
(2,4) which detects double Es

quantum transitions. Such a ftechnique involves

been investigated

two microwave sources operating at frequencies

fl and f2. One source, say fl, is operated at

a high power level to give saturation, while f2 Ey

is operated at the usual spectroscoplc low Fig. 1
power level. After passing through the gaseous

sample, fl and f2 are separated by alfiltering system which prevents fl from

reaching the crystal detector.

Two modulation schemes have been used - Stark modulation

(3)
(2,4)

modulation. The details of the Stark modulation technique is essentially

and source

the same as in a conventional Stark modulated spectrometer and will not be
discussed further. In the source modulated system, a low amplitude square
wave voltage at a frequency fm is applied to the high power microwave source

at fl. This modulation reaches the crystal detector only through the double

resonance phenomenon. Any single resonance absorption aft f2 is unmodulated

and is not observed. Any single resonance absorption at f. is modulated but

1
is stopped short of the crystal detector by the filter and hence is not ob-

served. However, the double resonance events are modulated via f1 and affect

the detector wvia f2 and are observed.

Lock-in detection at the modulation fredquency fm provides a very sensi-
tive means of detecting microwave absorption. The output of a phase-locked
detector is displayed on an oscilloscope or recorder as a function of the
frequency f,.

2
The double resonance microwave technique employing source modulation has



some distinct advantages over the conventional Stark spectroscopile techniquesf
Chief among these advantages are:

1. The selectivity of the double resonance technique is such that one
observed absorpbtion is sufficient to ildentify a molecule unambigu~
ously.

2. The double resonance spectrometer eliminates the necessity of a high

powered square wave generator and the Stark absorption cell,

Proposed Research

The purpose of the research proposal submitted to NASA by Research 3ys-
tems Inc. was the development and investigation of double resonance microwave
spectroscopy as a possible means of contaminant detection. The proposed re-
search consisted of three parts:

1. The development and construction of a double resonance microwave

spectrometer.

2. 'The determination of the opbtimal experimental conditions for observ-
ing double resonance transitions occurring in both pure samples and
mixtures.

3. The evaluation of double resonance spectroscopy as a method for con-
taminant detection.

The proposed double resonance gpectrometer was to operate with two micro-
wave sweep oscillatores - one in the R-band (26.5 - 40 GHz.) and one in the
P-band (12.5 - 18.0 GHz.). Direct readout at the R-band frequencies was to
be provided with an electronic counter. A special sample cell was to be de-
signed and constructed from at least 50! of coiled wavegulde.

Five gaseous compounds selected by NASA were to be studied both as pure
gases and as mixtures. The samples chosen for analysls were chloropropane,
dimethyl sulfide, methylene chloride, propionaldehyde, and propionic acid.

A deeper analysis of parficular gases were to be made under varying values
of such parameters as pressure, temperature, concenbtration, and microwave
power, A comparison of selective portions of data were to be made with data
obtained on a conventional Stark modulated spectrometer.

With these findings, an evaluation of the double resonance ftechnique was
to be made. The results of the investigation, along with the evaluation,

were to be included in a final report.
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Theory

This section is intended to elucidate the fundamental aspects of double
resonance spectroscopy and to provide some insight into the origin of the
characteristic double resonance line shape. The latter is of particular im-
portance to the experimental results of this research. Therefore, the line
shape will be discussed as a function of the gas pressure and pump power.
The findings will be compared with the corresponding resulfs for Stark modu-
lation, which are briefly reformulated in Appendix.

(6)

to which the reader is referred for further details.

The treatment given here is based meinly on the paper by Javan' ‘and book

(5)

by Townes and Schwalow,

Double resonance modulated microwave spectrometer. - In general double

resonance modulated microwave spectroscopy makes use of two radiation fields.

E

E cos wt
o)
! = 1 1
E EO cos w!'t

Impinging upon a gas. For all cases of interest to us Eé

a "large" number. That is, one radiation field is of very high power while

>> E  and o' -w| is

the second is much weaker, and the frequencies of the two radiation fields are
not close (generally they differ by 1-20 GHz). The field E is called the ob-
serving (low pewer) field and the field E! is generally referred to as the pump
field. We are immediately faced with a serious problem in describing our line
shape as a function of w. This is because we may have an infinite number of
values of w! for each w. Such a situation can be readily handled with a com-

(7,8)

puter but we will simplify matters here by limiting w! to a single dis-
crete value. Then we will investigate the shape of the double resonance signal,
as w, Eo’ Eé and the sample gas pressure are varied for a fixed @', This will
give us the general funetional dependence of the signal for one value of w!,
and this is approximaetely the dependence of all w'.

The general idea of microwave double resonance spectroscopy can probably
best be stated in the following simple berms:

1. A strong (high power) radiation field E! is used to modulate a mole-

cule gaseous sample.



2. The modulation produced by (1) causes small bubt readily detectable
changes in the absorption of radiation from a second weak field E
by The same gaseous system.

5. The signal deftected in double resonance spectroscopy consists essen-
tially of the power absorbed from the field E.

L. The field E' (high power) is never directly observed.

Our approach will be to consider first the general assumptions which enter
the theory and which depend upon the properties of our molecular system. Sec-
ond, we will write down an expression for the power absorbed from the radiation
field E. Third, we will derive an expression for the signal observed with the
spectrometer. The signal depends on the power absorbed from E in a somewhat
complex way. Finally, we will consider the pressure and power dependence of
the signal observed.

General description of theoretical considerations. -~ We now assume that

we have a gas of molecules with only three quantum states 1, 2, and 3 separated
in energy by (En);s = hyz, (En);s = huyys, and (En)zs = huys. Again we take
the average lifetime of a molecule to be the same in all three of these states
and equal to T, where 7 18 the mean time between collisions of the molecules.

A dilagram of the energy level scheme 1s given below:

hy, [w, = 2n1y2]

It is not at all obvious that the relative positions of the levels {(for example
1< 2, 3; 2< 3) do not affect the observed signals. However, for the proper-
ties considered here the relative positions are not important and the above
scheme has been chosen to correspond to reference 6.

The following quantities are defined most of which are anologous to the

terms used in describing the ordinary Stark Spectrometer:



T, Np, Ny the number of molecules per em® in states 1, 2, 3 for the

gas at thermal equilibrium

w, = 21y 2 the resonance frequency of transition 1 - 2
wé = 21y 3 the resonance frequency of transition 1 - 3
Ppp = dipole moment of the molecular system for the transition
from state 1 to 2
Mgz = dipole moment of the molecular system for the transition
from state 1 %o 3
E = E0 cos whb weak radiation field with frequency w near W,
EV = Eé cos w't strong radiation field with frequency w! near wé

As before the quantities p, EO/EE and p,a Eé/?h appear frequently so we define

X = Ua EO/ZE

]
1t

wa E!/2R
Furthermore it 1s assumed that
lbe B /26]? 7 <«< 1
lula Eé/Zﬁlg ™ > 1

Thus the field Eé is large enough to "saturate" the 1-3 transition, the field
EO does not saturate the 1-2 transition.

Power absorbed from the weak field E. - At this point we could write down

an expression for the power absorbed from the weak field E at frequency w by
the gas. As mentioned earlier the power absorbed from the strong field E! is
never measured and therefore doés not concern us directly. The power of the
pump field E!' does, however, affect The shape of the power absorption curve
for the field E (weak field) and thus is of importance indirectly. In essernce
we wish to know what the power absorption at w is in the presence of strong
power absorption at @' which occurs simultaneously but is not measured.
Shortly we will wribe a very lengthy formula giving Pw (absorbed); however,
first we give some qualitative arguments about the physical phenomena which
occur in the gaseous system.

For weak radiation fields it 1s generally true that only single quantum



transitions can ftake place in a molecular system due to absorption of radia-
tion. Thus a molecule can absorb a photon from field E and go from state 1

to 2 or absorb a photon from field E! and go from state 1 to 3. Usually
{although not always) if the 1-2 and 1-3 transitions are allowed, the direct
2-3 transition is forbidden due to symmetry considerations. However, in the
presence of a very 1arge field at E'!' and a weaker field at E if is possible

for a molecule in state 3 to simultaneously emit a photdn into the field E!

and absorb one from the fileld E in a single step. If energy level 3 were lower
in energy than level one, a direct transition from 3 to 2 would involve absorp-
tion of a photon from both fields. Thus the molecule is said to have made a
two quanbum jump from state 3 to 2 via state 1. We see now that power absorbed
from the field E in such a situation will consist of two separate terms., First,
power is absorbed from E by molecules in state 1 making a direct single quantum
Pransition from state 1 to 2. Second, power is absorbed from E by molecules

in state 3 making an indirect two quanbtum transition from state 3 to 2. We

may write
Pw (absorbed) = Pw {(double gquantum)
+ Pw {single quantum)

It turns out that this somewhat simplified physical picture is a reasonably
good description of the actual situvation.

In order to simplify the following discussion we make one further assump-
tion by restricting the frequency w' of the pumping field to the single value
w! = wé. Thus the pumping field is directly on the 1-3 resonance transition

1
at Wy and
E!l = E! cos w! ¢
o o)

We now write an expression for the power absorbed at the frequency w by

the molecular system from the radiation field E = EO cos wt. At the risk of
over-emphasis, we again point out that the power absorbed at fredquency

w' = wé from E! does not concern us in a microwave double resonance experiment.

Pw (absorbed) = Pw (double quantum) + Pw (single quantum)
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W12 Eo

P (double quantum) = (ng -ng) huv s T
W
2h
1 + 1
wa ELG Wa BlisZ
eyt ) 7] 1+ ) )
{ZL - \J” w, + = T 211 +{(~w+ o + = T
. Pwleo ®
Pw (single quantum) = (n; -ny) hy % T
1 + 1
M1a Eé[ ¥ b 3 Ec‘) 2
2[1 + (w-wo + 5 '> 'rg:l 2[1 + C—w + (,oo + 5 ) ,]_2]
) 1= Eo 2
Pw (absorbed) = [3(n; + ng) - nz] huyoe T
2R
1 + 1
: g E! - . wz B! ¥
1+[-u)-u)o+ 2ﬁo J T2 l+[wo - + 2?10 ] T

In deriving this expressior certain terms considered by Javan (reference 6)
and called "Interference Terms" have been neglected. This does not lead to
any serious problem provided |p,s E(’)/Z‘r‘ll2 ™ > 1 .

Tet us now consider some of the characteristics of the expression for
power absorbed in a double resonance experiment.

1. The absorbed power has two maxima:

€
]

o + |9

o, + |ua EL/2R] o

Il
]

w = w, - T E(‘)/Ehl w, - ly]

2. A plot of Pw versus frequency has the following form:



w
w, -yl
3. The maximum height of each peak 1s calculated as follows:
= -y +
P, (mx) =P (v-o *y)
N M2z Eo 2 1 A
=|:§(n1 +n3) —n2] h'l)lz __2—.5.——_ T 1+—u1-—3—-——E-—(l;—-2—-—-
2 | 7

However, Wwe have taken |5 E(‘)/Zh]z ™ >> 1 so that we may approximate:

2
b2 Eo
2h

P, (max) ¥ [3(n, + ng) - ny] huyz T

L, The full width at half height of each peak is almost exactly Awd = 2/t

This can be proved by setting

1
1+ [w—wo + |y| 17+

=

[N

and

10



5.

6.

7.

1 =
1+ [w-wo - |y|1? 2

N

and solving for . Such a derivation ignores the contribution to the
linewidth of one peak from the other peak. This is in general quite

small and can be neglected. A more rigorous deviation would be to
set

P, = Pmax/é
and then solve for the four resulting values of w.

From (3) we see that the peak intensity of a double resonance absorp-
tion depends

a. linearly upon the power in the observing fleld (that is, linearly
on Ei) and

b. 1is independent of pressure because it depends upon the product n;

T which is pressure independent (see Appendix for discussion on Stark
modulated spectrometer). Nobte, however, that this is only approxi-

mately true since it assumes 1/4|y[37® << 1.

The linewidth of each of the two doule:resonance peaks increases

linearly with pressure because Awy = 2/7 (see Appendix for discussion

1
on Stark modulated spectrometer).2
The separation between the two peaks in the double resonance absorp-
tion depends linearly on the square root of the power in the pumping
field (not on the power in the weak or observing field). That is,

the separation 2|y| = 2lu13E6/25| depends on E!.

We may now compare the characteristics for the power absorbed in the

single and double resonance cases:

1.

The single resonance power absorbed shows a single peak of width
Awy; = 2/7 while the double resonance power absorbed shows two peaks
ofzwidth Aoy = 2/T.

The maximumzpeak height for both single and double resonance power
absorptions is pfessure independent, while the linewidths in both

cases are linearly related to pressure.

11



3. The peak height for both single and double resonance power absorp-
tions increases linearly with the power in the observing or weak

field This holds, however, only as long as |uis Eo/2hl2 ™ << 1,

Dependence of signal strength on power absorbed. - We have resfricted our

pump field to a single frequency w' such that
Et = E! cos Wit
6] (o]

Let us now squarewave modulate E' at 100 ke¢/sec so that it has the following
forn:

El

Eé cos wé t 0<t< 5 usec
Et =0 5< t <10 psec

Such a description assumes a 100% amplitude modulation of E' at a rate of 100
k/csec. In practice the double resonance spectrometer makes use of a frequency
modulation scheme such that

El

H 1
Eo cos wot 0

IA

t < 5 usec

El

Eé cos 8% 5< t <10 psec

However, provided lé-wél > 10 MHz, E' = Eé cos 8t is essentially ineffectual at
modulating the gaseous molecular sample because E! is too far from the resonance
wé of the 1-3 transition. Thus for all practical purposes E! = 0, 5 <t <10
usec as far as the gas 1s concerned.

In the presence of the strong pump field E', the power absorbed at frequency
w is just the double peak expression glven earlier for the double resonance ex-
periment. However, when E' = 0 the power absorbed at w 1s simply that given by
the ordinary expression stated in Stark modulation spectrometers. Thus we have
for B! =0
M1z Eo 2

2TV——§?T*—

hya
bz B
2h

Py = (n; -ng) )

1+ (w-w)® 72 + 4

Using this expression along with the one given earlier for the double reso-

nance power absorption at w, we can write down Pw for the case where E! is

12



modulated in the squarewave fashion described above. We obtain

) . Y12 EO 2
,Pw = ['é'(n]_ + ng) - nz] huyz e
1 1
+
M13 E(') ¥ Hpa B 2
- —_— - - 2
1+[u>wo+ 5 ]Tz l+[-wu)o Zh]'r
for 0 <t < 5 usec
M2 EO 2
2T Eh hvlz
PU.) = (1'11"1’32)
1+ (w-w )77
0
for 5 usec < t < 10 psec
with the assumptions
El = Eé cos wot 0 <t <5 usec
El =0 5 usec < t < psec
Haz Eo 2 R
o ™ << 1 .
To simplify the following discussion let us defilne
Py = Py (DR) 0<t <5 usec
Pw = Pw (SR) 5<t < 10 usec

Note that both Pw (DR) and Pw (SR) are independent of time (7 is a constant

depending on the temperature, pressure, ete.) even though Pw is not.

13



The power absorbed in a double resonance spectrometer where the strongl
field is modulated as above is ftherefore a squarewave. TIn order Lo determine
the signal observed by the spectrometer, we must analyze this squarewave into
its Fourlier components. This is because the electronics used in a double
resonance {or a Stark) spectrometer are not sufficiently broadbanded to pass
the entire squarewave undistorted. It is well known that a squarewave has
only odd harmonics of the basic (100 ke/sec) component, a 300 kc/sec component,
a 500 ke¢/sec component, etec. We will assume that the amplifiers used reject
all but the 100 ke/sec component so that we need obtain only the 100 ke/sec

part of the Fourier Transform,

Fourier transform of power absorbed. - We have
Pw=Pw(DR) 0<t<5
Pm = Pw (SR) 5<t<10

Let us change variables of time from t to X where

X =mt/5
giving
P, (DR) M<E<O
P, (x) = ~
P (SR) 0O<x<m

The Fourier series of Pw (x) may be written

[eo]
Py (x) = ao/2~+ }Z (an cos nx + b sin nx)

n=1

14



o
It
e

T

j P (X) cos nx dx
w

qT

i
ijP (¥) sin nx d%
i w

-7

b
n

]

By direct substitution 1% can readily be shown that

a, =P (DR) +P (SR)

b =0

a; =2/m (Py, (SR) - P (DR))
b, =0

Since we are assuming the electronics of our spectrometer to reject all har-
monics higher than the first one. The signal seen on the double resonance

apparatus is just proportional to Py (X) where

P (x) = a0/2 + 3, cos X

or

LZ TS 2 12
Pw<5 =% (B (sR) + 2 (DR)) + 2 (2 (SR) - 2 (DR)) cos
with t in microseconds. The term % (Pw (SR) + Pw {SR)) merely appears as a
constant D.C. level on the spectrometer and can be neglected for ordinary cap-

acitively coupled amplifiers. We are thus left with a double resonance signal

2 nt
Sw {double resonance) AJE-(Pw (SR} - Pw (DR)) cos T -

15



The signal Sw amplified by the electronics of a double resonance modulated
microwave spectrometer is therefore a 100 ke/sec cosine wave whose amplitude

is Jjust proportional to

e, (sR) - (DR) .
If phase sensitive detectlon locked to the 100 ke/sec modulation frequency is
used after the amplifiers, the signal Sw is proportional only %o the signed
amplitude of cos wt/5. That is

s, ~P, (SR) - B, (DR) .

The word signed is important for a phase detector preserves information con-

cerning whether Py (SR) - Py, (DR) is positive or negative.

General line shape. - We have shown

S, ~ Py (SR) - B (DR) .

For both Pw (8R) and Pw (DR) positive (which is generally, though not always
true) S, has the following shape:

e e e e e e

&

w
=

o™

n
=1

o
16



We nobte that the line shape is just the superposition of two separate curves
of opposite sign. One is a double peaked curve (-Pw (DR)) and the other is

a single peak curve (+ Pw (SR)). The analytic form for Sw is given by:

2
bz B
| e

2T

S ~P (SR) -P (DR) = (n, -ng)
w ® ® " 1+ (w-w ) 7°

2

Wz By 1
T
- [% (ny +1ng) -mpJhvns |~ — -
- “’13
0 2
1+ Lw-wo + 2h ] T
+ 1
Hoa EJ °
- - 2
1+ [w wo =5 ] T
Power and pressure dependence of Sw' - Now that an expression has been

deriVed for Sw in the case of a double resonance modulated microwave spec-
trometer it is possible to consider the pressure and power dependence of this

line shape. Let us rewrite Sw as

2

E
S ~hpo e "o T 2 {ny -np)
. o 1+ (0w )? 72
_ [2 (ng +1ng) -np] - [3 (0 + 1) - N3]
H1s E(') 2 Wiz Eé °
2 2
1+[‘”"”o+ 7% ]T 1*[‘”"”0' 2R ]T

Furthermore, let us make the rather drastic assumption 2 (n +n3) ~¥n . This
will simplify the following discussion somewhat and should not affect the

general trend of the results which are obtained. In this case Sw becomes

17



b1z EO 2 2
S(_D ~ hvlg "_2'?1"'_' T (1’11 "ng)
1+ (w—wo)z T
- 1 ) 1
}11_3 Eé 2 p‘lS EI 2
_ 2 _ _ R 2
1+ [w wo + h ] T 1+ [w wo 5 ] T

Let us first congsider the term outside of the brackets

bz E |7

o
2h

hy o T (0, -ng)
This term has the following properties:
1. Tt depends linearly on the power in the observing field (i.e., depends
linearly on E%); however, note we always assume [, Eo/2h << 1.
2. It is independent of pressure because T (n, -ng) is independent of
pressure (see earlier discussion),

Finally we consider the properties of the bracket term

2 1

- )2 .2
1+(wwo) T

2

e

bz El
2h

1+ (m-wo +

14
baa Eé
2h

2

I

1. It consists of three peaks with mexima occurring at:

1 + [w-wo -

Maa Eo

©=% " 7m

o

18



2. The width of each peak at half maximum is Awy = 2/7 and 1s thus lin-
early dependent upon pressure (p = c/T Wherezc is a constant).

3. The peak heights of each of the three peaks is most emphatically not
pressure independent. This result is the most important one which
has been derived and is the most drastic departure from the results
obtained for single resonance Stark spectrometers. Let us, therefore,
consider this in more detail. The maximum amplitudes for each of the

three peaks are readily seen to be:

Wpa EJ
FOI’U.)=(DO-—§E——
_ 2 1
& s E7 1T o E017
2 2
1+ A T 1+ b 55 T
For w = W,
_ 1
P, =2 (1- o ETT
1 + 5 'rz
Pypa Eé
For w = wo + 55
- 2 1 1
s =T B Woa EIp?
2 2
1+ 5 T 1+4———-———-—2F1 T

Note P, = P;. We see now that each peak height depends upon the parameter

Wia Eé 2

2h

T2

19



which is essentially a measure of the amount of saturationh achieved at the
pumping (or high power) frequency w'! = wé .  Furthermore, this parameter is
a linear function of the power in the pumping field (depends upon Eéz); how-
ever, since T = ¢/p, |ms Eé/ZEIE T depends upon the square of one over the
pressure (1/p). Thus, if p is double, 7 1s halved and |u4 E(‘)/Zhlz @ is
divided by four.

In order to get a practical feeling for the effect of pressure and power
on the peak heights let us consider the behavior of these peak heights for
typical pressures, fields, and w5 's. We take

bpa = 0.7 Debye = 0.7 X 107*® esu-cm
T =5X 1077 sec (p = 10y of Hg)
2h = 2.1 X 10727 erg-sec

ES = 5.7 volts/cm

This Eé corresponds to a power level of 100 millivolts in a cross-sectional
area of 2.32 cm® (X-Band waveguide). The power P and field Eé are related

through the equation

where ¢ is the velocity of light and A is the cross-sectional area for propa-
gation of the field (see reference 1, pp. 340, 377). All units are c.g.s.
Using the relations

1 erg = 1 stat coulomb-stat volt

1 stat coulomb/cm - 1 stat volt

1 stat volt - 300 volts
1t can eagily be shown that

El = 8.7 X 107® /F/E

P in ergs/sec

A in cm®

1 milliwatt =10"2 joules = 10* ergs
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The values chosen for Tt and y,3 are typical empirical values found in the
microwave range by use of standard Stark modulation spectroscopy.
Define:

8 = |was Bl/2R|? 12

Using the values above for p,5, T, etc. we get

5.7
5 = (0.7 X 10071€)2 (3'0%‘) (5 X 1077)3
(2.1 X 10737)3

or § ~ 10, for Power = 100 milliwatts.

As shown earlier, the peak heights for the double resonance line shape

are:
= + .
For w = o * [wa E(')/Ehl :
P, = Pg = 2/(148) - 1/(1+48) - 1 .
For w = (;oo
Po=2 (1 - 1/1 + §)
Thus:
P, =2/11 - 1/41 -1 = -0.84
P, =2 (1 -1/11) =1.82

Thus we have values for P; and P, for a pressure of 10y of Hg (t = 5 X 1077 sec)
and a pumping radiatlon field of 100 milliwatts. Using the exact same procedure
as above, we can readily calculate values for § as fthe pressure is changed ‘and
thus get values for P, , P with Ec') a constant. The following tables give P,
Pz, 6 versus pressure for E! = 5.7 v/cm (Power of 100 milliwatts).
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TABLE I. - DEPENDENCE OF PEAK HEIGHT ON PRESSURE AND CONSTANT POWER ‘

Pressure Power

(u of Hg) & B Py (milliwatts)
10 10 -0.84 1.82 100
20 2.5 ~-0.52 1.42 100
4o 0.63 -0.03 0.76. 100

It is not particularly valid %o carry this Table to values of & much less

than 1 because much of the preceding treabtment depends upon the approximation:

2

Haa E(')
™ > 1.

2h

8 =

The trend of the results, however, is qulite clear: The peak heights of the
double resonance signals decrease (in a roughly linear fashion) with increas-

ing pressure. This is in addition to the broadening which also occurs for

these peaks since Aw; = 27. Thus for double resonance modulated microwave
spectroscopy we findzthat the linewidth increases linearly with increasing
pressure and the peak height decreases with pressure. This is in contrast to
the Stark modulated spectrometer where the linewildth increased linearly with
increasing pressure buf the peak height was independent of pressure.

To offset the decrease in peak height with increasing pressure, the power
in the pumping field can be increased as the pressure is increased. In Table II

are given the values of power needed to keep 6 = 10 as the pressufe is increased.

TABLE TII. - DEPENDENCE OF PEAK HEIGHT WITH
INCREASING PRESSURE AND PUMP POWER

Pressure Peak Height Power
(p of Hg) -8 P P, (milliwatts)
10 - 10 -0.84 1.82 100
20 10 -0.84 1.82 100
Lo 10 -0.84 1.82 1600
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We note immediately that a drastic increase in power is necessary to
offset the effect of increasing pressure on the peak height. It 1s important
to note that the widths of the three peaks still increase linearly with pres-
sure even 1f the power of the pumping field is increased. There is apparently
no way to offset this pressure broadening phenomenon.

It is of some interest to ask why the peak height of a double resonance
signal depends upon pressure when in fact no such problem arises for a Stark
modulated spectrometer. The answer turns out to be quite simple. 1In a Stark
spectrometer the modulation scheme is one where an albternating (zero based)
electric fleld is applied to a molecular gas. The effect on the gas is to

cause the center frequency of absorption to alternate between w, and wt =

where = is the Stark shift. The crucial point to note here is that = is in

almost all cases and to a very good approximation independent of pressure.

In the double resonance case the modulation scheme is one which has an effect
on the gas proportional to lpla Eé/ZEIB ™ = §. For large § the modulation
effect is great, while for small & there is relatively 1itfle if any modula-
tion. However, § depends critically on the pressure due to the presence of
™. As pressure increases T decreases and thus the modulation decreases.
Such a situation is analogous to the case in a Stark modulated spectrometer
where the Stark shift = is very small because the molecule under study has a
smll dipole moment. In this case the lines are said to be "incompletely" or
"under" modulated. 1In the Stark spectrometer such an under modulation depends
upon the dipole moment and is pressure independent. 1In the double resonance
case the under modulation depends upon both the dipole moment p;z and the

pressure T.

Summary on pressure broadening of a Stark modulated spectrometer. -
Signal ~ [(n; -ng) 7] 21 X 12 hyp/1 + (w-wo)z ™. This is in the absence of

saturation.

. 1 - 1 2 - = +
Half width: 35— (oma o = = % 2 (- )% ™ =1, w=u *

Al

Full width at half height: Aw =2/t . 7T, the lifetime, is inversely
proportional to pressure., If double pressure, T goes down by a factor of 2.

Result:

1. Maximum signal height is independent of pressure.

2. Line width is directly proportional to pressure.
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Double resonance modulated specbtrometer. - Assume the two pump frequencies

in the square wave are w and wh. For simplicity take w' = w! (resonance fre-
quency of the pump) bub ]ug - u%l >> 1.

In this case the line shape is

{ 5.

S

This 1s for |y|® 72 >> 1, where y = p B /2h. T is molecule lifetime.
Here Eé is the amplitude of the pump field and the power of the pump field is

P ~ (E1)?

pump 0

1. The full width at half height for all three peaks is 2/t. Thus the
line width is directly proportional to the pressure. This is the
same as the ordinary Stark modulated case.

2. Take [y(z T§ = 10. The gignal heights vary as the pressure changes
because the signal heights in this case depend upon |y|® t3. The

following results are approximate as we vary The pressure.
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Results:

1. Signal height decreases roughly linearly with increase in pressure.

2. Line width is directly proportional to pressure.

3. To offset iI -~ 1 (decrease in signal with increased pressure) the
power must be increaéed by a factor of 100 for every factor of 10

increase in pressure.



Instrumentation

The first objective of this contract was the fabriecation of a laboratory
model, source modulated double resonance microwave spectrometer, The double
resonance microwave spectrometer is pictured in Fig. 2.

The design and development of the double resonance spectrometer was strongly
influenced by its projected use. That 1s, the instrument was developed for ap-
plications to trace contaminant detection and identification. Commercially
available subunits are employed in the design of the instrument whenever possible.
By this method, the flrst test experiments were performed just four months after
receipt of the contract.

The double resonance microwave spectrometer can be considered in terms of
three subsystems: the microwave system, the electronic system, and the vacuum
system., To facllitate the description of the instrument, each of these sub-
systems will be discussed individually.

Microwave system - The diagram Fig. 3 indicates the final working micro-

wave configuration. Since the microwave system is an assembly of commercislly
available units no attempt to describe in detail the electronic workings of
the subunits will be made.

Two microwave sources are required for a double resonance absorption. Ab-
sorption frequencies are dictated by the characferistic molecule under investi-
gation. This has been covered in the previous sections of this report.

The first microwave source or irradiating signal frequency oscillator 1s
a Hewlett Packard type 690A. This unit is a conventional backward wave os-
cillator capable of a broadband sweep covering the frequency range of 26.5 GHz
to 40 GHz. For use in our experiments a recurrent Af of approximately 30 mc/sec.
at any pre-selected frequency within the 26.5 GHz to 40 GHz is generally all
that 1s required. Although the source is capable of generating approximately
5 milliwatts of power only 2 to 3 mw are needed to produce an absorption in
this range. The use of two microwave frequencles immediately indicates a double
search operation which obviously suggests an extremely laborious and time-
consuming procedure. Therefore, the ability to measure one of the two microwave
freguencies and select a Af sweep over this region would greatly simplify the
experiments. The commercially available system for this requirement is pro-
vided by a Hewlett Packard sweep oscillator stabilization system type K03-8690.
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This system provides the means of swept-frequency, phase locked opera-
tion 1n the irradiating frequency range of 26.5 GHz to 40 GHz with a direct
frequency readout supplied by a modified HP 5245L counter with type 52524
prescaler, shown in Fig. 4.

The R-Band microwave phased locked system consists of the following

units:
RP RF out
HO - 86904 | Coupler | .
| Sweep Osc. I T
j: .  8u68
8 1/ Multiplier
| '
: ||
3 .
1
115174
Mixer
Oscillator DY 26504
coupler Osc. Synchronizer
A |
Reference 84674
oscillator ' Amp.

Fig. U

The output as obtained from the R.F. source'is passed through a flap
attenuator for controlling the power used. An R-band to P-band tapered transi-
tion (R-band = 26.5 GHz to 40 GHz) (P-band = 12.4 GHz to 18 GHz) 1s next con-
nected to a 3db P-band directional coupler. This is followed by a P - X band
tapered transition separated from the 100' X-band sample cell by a mica window.
The mica.window permits the microwaves to pass through into the sample cell with
essentially no attenuation, thus providing a method to contain the gaseous
sample in the cell.

A second microwave source (in this case the pumping frequency) 1s supplied
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by an Alfred sweep oscillator type 650. This unit also contains a conventional
backward wave oscillator covering the frequency range of 12.4 GHz to 18 GHz.

The reason for this selection was the versatility of this instrument.
Changing the microwave regions (bands) is done by simply plugging in selected
backward wave oscillators available from the manufacturer. This source pro-
vides the pump power and is frequency modulated. Frequency modulation is ob-
tained by applying a symmetrical low voltage square wave {100kec) coupled
through a phone jack in the rear of the instrument to the helix voltage of the
BWO. The depth of frequency modulation is adjustable by selecting the peak to
peak voltage of the applied 100kc square wave. Swept frequency capability is
also provided in this unit; however, the mode of operation required for the
pumping frequency is fixed freguency with maximum power. Microwaves from this
unit are passed through a P-band low pass filter. This unit prevents harmonics
of the pump frequency from coupling into the system. A P-band isolator is
added to prevent the higher frequency (R-band) from feeding into the P-band
source. From this point the signal is fed into the coupling arm of the P-band
3db coupler. The R-band and the P-band microwaves are mixed and passed into
the 100! sample cell, shown in Fig. 5,

Since the directional coupler does not provide an ideal method of coupling
two frequenciles, reflections at discrete R-band frequencies resulted in a
loss of R-band power. This was greatly reduced by substituting a brass tuning
slug for the absorbing material in the coupling arm.

The microwaves after passing through the gaseous sample of interest con-
tained in the 100' X-band cell are then coupled through a X-P-band tapered
transition, P-band 10db coupler, and P-R-band tapered transition. This section
rejects the P-band microwaves. Additional filtering is provided by an R-band
isolator. The isolator also reduced any reflections which could be produced:
at this point.

Finally the R-band absorption power is detected by a crystal. A monitor-
ing of the pump power (P-band) 1s achieved by sampling thils frequency from the
coupling arm of fthe P-band 10db coupler and detecting the power as received at
the P-band crystal detector and measuring this power with a sftandard current

meter.
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Electronic System.- The electronic system is shown in a block diagram on

the following page, Fig. 6. The system is an assembly of commercial units with
the exception of the 100 kc tuned network, pre-amplifier, and 100 kc crystal
oscillator sync unit.

Since the microwave absorption signal received by fthe crystal detector is
of low amplitude, it is necessary to eliminate interferences and to reduce the
noise level of the system by using selective amplification. For this purpose,
a network tuned to the 100 ke signal frequency is coupled to the crystal de-
tector. This unit operates as a filter attenuating the unwanted frequencies
by the Q factor of the network. The pre-amplification of the signal is per-
formed by a specially designed unit shown in the schematic, Fig. 7. The input
stage of this unit is a high gain tuned cascade amplifier. This is followed by
a second tuned stage coupled to an emitter follower output for impedence match-
ing to a lock-in detector. Provision for a (U4) decade selection of the amplifi-
cation factor is made by a rotary switch. The maximum gain available is greater
than 105. The absorption signal is then passed through the Princeton lock-in
detector. This unit is essentially a detection system capable of operating
with an extremely narrow equivalent noise band width. Its functioh is to
select only the 100 k¢ carrier [containing the absorption line as amplitude
modulation] and to recover the signal after transposition to zero frequency.

Time constant filtering can be selected as either 6db or 12db per octave.
The demodulated signal 1s then traced on a strip chart recorder.

A dual beam Tektronix oscilloscope is used to monitor the defected signal
and R-band crystal current simultaneously. The reference signal {100 kec) for
the phase sensitivity detection 1s provided by a Hewlett Packard square wave
oscillator. This unit also supplies the low voltage square wave signal used
for frequency modulating the P-band sweep oscillator described in Section 1

(microwave system).
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Block Diagram - Electronic System
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Vacuum system. - The vacuum system provides the means of evacuabting fthe

sample c¢11 and handling the gaseous samples which were studied. The main com-
ponents of the vacuum system are a fore pump, an oil diffusion pump, liquid
nitrogen traps, gas entry ports, and pressure gauges. A schematic diagram of
the vacuum system is shown in Fig. 8.

The demands of the vacuum system are more severe for a double resonance
microwave spectrometer than for a conventional microwave spectrometer. The
more stringent demands arise because of the differences in the sample cells.
Part of the advantage of the double resonance technique is the increased path
length through fthe sample that the technique allows. In the convenpional
microwave spectrometer, the length of the sample cell is limited to about 10
feet. This limitation is due to the additional attenuation of the Stark septum
and its supporting teflon insulation.

The sample cell was fabricated from X-band wavegulide and designed for this
contract. This is a coil 100 feet long. Diffusion through the coiled sample
cell is very slow even for large pressure gradients. If a sample is introduced
at one end of the cell, several minutes are required to reach pressure equili-
brium.

For these reasons, the vacuum system was designed so that the sample cell
could be evacuated from each end simultaneously. Also, samples could be intro-
duced to the cell from each end simultaneously. Pirani gauges (Model GP-001)
made by Consolidated Vacuum were placed near each end of the sample cell. By
monitoring the pressure at each end of the cell, it could be determined when
the pressure had equilibrated.

4 fore pump with high pumping speeds i1s mandatory. The fore pump used
in this system is Model H-14 made by Central Scientific Co., Inc, and has a
pumping speed of 4.94 cu.ft./min. An even higher pumping speed would be
desirable. A single-stage diffusion pump provides an ultimate vacuum of 10~
Torr,

The Pirani gauges are reliable over a short-time basis, but, due to aging
of the filament and interaction with the gaseous samples, fthey should not be
relied on exclusively. For relative pressure measurements, however, the Pirani
gavges are very convenient. For more precise pressure measurements, a mercury

pressure gauge has been incorporated into the vacuum system.
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Measurements

The major goal of this research effort is to determine whether the double
resonance technique can be applied successfully for the identification of a
gaseous compound when contained as a trace contaminant in an atmosphere or
when representing a constituent of a complex mixture of gases. Clearly, before
this problem can be tackled the following questions have to be answered: First:
what are the pump and signal frequencies at which a double resonance is obtained
for the gases in question? Second: how sensitive is the double resonance sig-
nal amplitude against pressure variations and in what pressure range can the
double resonance be observed? Third: how does the double resonance signal
change with temperature?

To answer these three guestions the five contract molecules were first
studled when present in the absorption cell as pure samples.

To obtain an estimate of the minimum detectable concentration of a gas
when contained in an atmosphere, experiments were conducted on samples
diluted with air. This work is described in fthe second section.

The third section finally reports double resonances obtained when three
or four gases are simultaneously contained in the absorption cell.

In contrast to these experiments, which are concerned with data charac-
teristic of the molecules under investigation. The last section reports on
parameters inherent in the instrument: The ultimate sensitivity of the double
resonance spectrometer is estimated and experimental comparisons with Stark
spectra are reported. The effect of the limitation In the available pump
power on fthe double resonance signal amplitude, and hence sensiftivity, has been
examined also.

The following sub-sections are concerned with basic information about the
five contract molecules. Each section is headed by a short resume of general
spectroscopic properties of the particular compound. This information is needed
for the subsequent selection of double resonances. Besldes the trivial re-
quirement that the double resonance connections must fall within the freguency
ranges of the spectrometer, the most important factors in selecting a sultable
double resonance are: The intensity and shape (fine structure) of the signal
line, the dipole moment matrix element of the pump line, and the microwave
power available at the frequency of the pump line. The transmission properties

of the waveguide system had also some influence on the selection of double

37



resonance connections.

In studying the pressure dependenice of the double resonance signal am-
plitude the latter was defined as the difference between the peak height of
the center line and the average height of the double quantum peaks. The
pressure quoted in this work were the readings taken from a commercial Pirani
pressure gauge. Since the characteristics of this instrument changed fre-
quently and somewhat uncontrollably an uncertainty of + 20 upHg should be

allowed on the absolute pressure values quoted.
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Propionaldehyde.”~ Propionaldehyde (Fig. 9) exists in two rotameric con-

formations which are separated from each other by an energy of = 900 cal. 'The
more stable conformation is the cils-form in which the heavy atom skeleton,
C-C-C = 0, is planar. The dipole moment has approximately equal components in
the a and b direction of the principal axis systen. (pé = 1.11 D, ub =1.85 D,
MC =0, p total = 2.52). The two dipole moment components in conjunction with
the asymmetry and several low lying vibrations give rise to a very dense micro-
wave spectrum for the cis-form.

The less stable conformation is a gauche form, in which the methyl group
is rotated by ~ 130° out of the C-C = 0 plane. This rotation causes the moments
of inertia about the b- and c- axis to become similar to each other. Hence the
microwave spectrum becomes typical of a (accidentally) near prolate rotor, i.e.,
the spectrum consists of groups of “é -R-branch transitions separated from each
other by ~ (B + C).

Selection of double resonances: The greater number and higher intensity
of the microwave lines arising from the cis-conformation of CH

3

to use a pair of connected cis-lines for the investigations on this compound.

CHZCOH suggests

The frequency range of our spectrometer together with consideration of the in-
tensity of the slgnal line, the dipole matrix element of the pump line, and
the pump power available lead to the selection of the following double

resonances:

02 211 = Upump = 134749 MHz

2117 312 = Vgignay = DOHT-0 Miz

I

05~ 312 = Poump 15778.6 MHz

Recorder traces of the double resonance signal obtained with either of
the two pump transitions are shown in Fig. 10. It can be seen from these
02 " %110 Ps T %11 7 31
than the double resonance obtained when using the 303 - 312 fransition as pump
03 - 312 transition has a
02 - 211 transitions. The dis-
crepancy was explained.by observing that there 1s much more pump power avail-
able at 13475 MHz than there is at 15779 MHz.

traces, that the double resonance vp = 2 is stronger

line. This result is anomalous in so far as the 3

higher dipole moment matrix element than the 2
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Fig. 10

Double resonances of

propionaldehyde
vy = 211 - 312 = 33347.0 MHz
vp = 303 = 315 = 15778.6 MHz
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Pressure dependence: As indicated before, 1t 1s necessary to investigate
the pressure dependence of the double resonance signal amplitude in order to
determine the pressure range in which a double resonance of propionaldehyde
can be obtained. Consequently, a pressure study was undertaken at room tem-
perature, Fig., 11, shows three traces corresponding to the lowest, optimum,
and highest pressure at which CHBCHZCOH can be identified. The overall pressure
dependence at room temperature is shown graphically in Fig. 12. Unfortunately
no equivalent diagram could be obtained for the overall pressure dependence at
dry ice temperature due to erroneous readings on the commercial pressure gauge
used.

As is seen from Fig. 12, propionaldehyde can be observed between 2 and

150 with the optimum signal occurring at a pressure of 25 uHg.

Line Shape: Theoretically, a splitting of the double resonance line into
a closely spaced doublet could occur due to the interaction of the hindered
internal rotation of the methyl-group with the overall rotation of the molecule.
However, even at very‘low pressure no such splitting can be observed. This
result is explained by the height of the potential barrier (2.2 k cal/mole)

which reduced the splitting between the A/E components of the observed ground

state transition to less than 0.1 MHz.
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Propionic acid.- Propionic Acid, Fig. 13, CHBCHBCOOH, is not only chemi-

cally, but also spectroscopically closely related to the propionaldehyde de-

scribed in the previous section. It is strongly believed that CHBCHZCOOH
exists in the vapor phase in two rofameric forms. However, so far only the
cis-form (all heavy atoms co-~planar) has been identified in the microwave
spectrum. The dipole moment of this form is approximately parallel to the b
axls of the inertial tensor and its magnitude is 1.46D. The Mb selection rule
in conjunction with the asymmetry of X~ -.72 allows for many transitions. There
are, furthermore, four low lying vibrations which give rise to ten (10) de-
tectable satellite -spectra. The overall spectrum is, therefore, very rich and
contains ~ 1500 assigned lines between 12 and 40 GHz.

Selection of double resonances: Although there exists a great number of
lines there are only a few double resonance connected transitions within the
frequency range of the spectrometer. Since the absolute intensity of the
lines is considerably smaller than in propionaldehyde, it was necessary to
select transitions with J-values larger than J = 3 in order to obtaln a reason-

ably good double resonance. The final choice was:

1) 615 - 624 = 17269.0 = 'Up 62”. 633 = 30436.6 = DS
2) 6y~ 6y, - 17269.0 = v 55 = 615 = 281863 = v

These two double resonances are shown in Fig. 14, Note that the pump tran-
sition is the same for both signal lines.

Pressure dependence: In order to determine the optimum pressure condition
for the detection of CHBCHZCOOH the signal strength of the R-branch ftransition
at 28186.3 MHz was studied for different pressures. Three characteristic re-
corder traces obtained in this investigation are shown in Fig. 15 and the over-
all pressure dependence is summarized in Fig. 16. It 1s apparent that propionic
acid can be observed under pressures varying from 1 pHg to 150 pHg with the
op timum pressuré occurring ~ 10 - 15 yHg. Since propilonic acld solidifies at
-22°C it is not possible to observe microwave lines at dry ice temperature.

A very serious drawback in the Invesftigation of CHBCH2COOH was its
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Double resonances of propionic acid.
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adsorption on the walls of the waveguide cell. For this reason an additional
uncertainty of at least 10 pHg in the pressure values should be allowed on top
of the uncertainty due to the variations of the characteristics of the Pirani
gauges used in this work.

Line shapes: The only complication in the shape of propionic acid lines
could arise from the internal rotation of the methyl-top. However, due to the
barrier height of 2.3 K ca./mole this hindered rotation does not affect the
ground state lines, they are all singlets. It 1s, therefore, possible to ob-
tain symmetrical double resonance line shapes.
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(10)
N-Chloropropane.- In bthe gas phase, normal propyl chloride (Fig. 17),

CH30H20H201, exists in two rotameric conformations, a trans-form (in which the
heavy atoms form a staggered planar chain) and a gauche form (in which the
CHECO—group is rotated by ~ 120° from the transconfiguration). Unlike pro-
pionaldehyde and propionic acid the two rotamers are of roughly equal energy.

The microwave spectrum of the nearly symmetric transform shows only
: ua -R-branch transitions spaced by ~ 4.5 GHz. The gauche spectrum is stronger
due to the statistical weight of two, and richer due to the higher asymmetry
of this conformation.

In addition to the existence of two rotameric forms there are two iso-
topic species of the chlorine atom (Cl35 ~ 75%, Cl37 ~ 25%). The interaction
of the chlorine nuclear quadrupole moment with overall rotation produces a
fine structure in the microwave lines of this compound. There is in addition,
the low lying skeletal torsion and the methyl torsion. These three facts
make the spectrum of CHB

Selection of double resonances: The sparsity and spacing of the transi—

CHZCHZCl rich and complex.

tions arising from the trans-conformation of n-propyl chloride makes it ad-
visable to select a double resonance in the stronger and richer gauche-
spectrum for the identification of this compound. However, the table of ob-
served gauche lines given in the original paper does not contain any connected
low J transitions coinciding with the frequency ranges of our spectrometer.

It was, therefore, necessary to repredict the spectrum of gauche - CHBCH20H201
for the frequency range from 12 GHz to 40 GHz. In this calculation the ro-

35

tational constants of the more abundant C1 -species were used and the effect
of the quadrupolar nucleus on the rotation spectrum were omitted for simplicity.
A eritical examination of the predicted transitions indicated that the double
resonance connections listed in TABLE III ought to be the most favorable cases
for our purposes and shown in Fig. 18.

The signal amplitude of the n-propyl chloride double resonance transi-
tion was studied for different sample pressures at room temperature and dry
ice temperature. Three typlcal recorder traces corresponding to the low
pressure 1imit of detectability, the optimum pressure and the high pressure
1imit are reproduced in‘Fig. 19. g. 20 and Fig. 21 summarize the overall
pressure dependence as obtained in these experiments.

It is apparent from these figures that n-propyl chloride can be detected

51



LT "3t4

7

1D HIHOHD
30I40THD TAJOYd - U

€961 '‘69v 6¢€ 'dor
‘ubwiyonins ‘N1

52



Tt
S i

Vo~ HEHB ~ bog "o

e)

>

b

v, ~ 36422 = 505 = 606

’Dp ~ 14648 MHz = 606 - 615

"
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Fig. 18

Observed double resonances of n-propyl chloride.
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TABLE IIT.

PREDICTED DOUBLE RESONANCES FOR N-PROPYL, CHLORIDE

Pump Line Connected Sighal Line
Frequency®* | Dipole Frequency¥* | Dipole
Selection Selection
Transition Mz Rule Transition MHz " Rule
Hou ™ 505 30509 ua
boz=5 31964 Ha
505 = 51y | 12775 b 151k
505 - 606 36423 pa
515 - 615 38297 pa.
515 - 606 30678 b
606 - 615 14648 ) 505 - 606 36423 pa
51y b5 | 38297 e

Fig. 18

¥These are the predicted absorption frequencies for a rigid asymmetrical
rotor without quadrupole fine structure.

in the pressure range from 5 pHg to 120 ulHg with the optimum signal occurring

for pressures around ~ 30 yHg. The optimum pressure, as well as the overall

pressure dependence of the signal amplitude, appear to be temperature inde-

pendent.

perature to dry ice is of the order of 5 to 10.

57
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(11)

Methylene chloride. =’ Compared to the propane derivatives described in

the previous sections, methylene chloride, CH2012 (Fig. 22) is a compara-
tively small and rigid molecule. It 1s a nearly prolate symmetric top with
its dipole moment of 1.62D oriented along the b~ axis of the inertial tensor.
The existence of two isotopic species of Chlorine occurring with a natural
abundance of 3:1 gives rise to two different sets of microwave lines with the
Cl35 spectrum being the stronger one. Many of the microwave lines of methyl-
ene chloride are split into multiplets, frequency triplets. This fine struec-
ture 1s due to the interaction of the nuclear guadrupoles of the two equiva-
lent chlorine atoms with the overall rotation of the molecule.

Selection of double resonances: Unfortunately the microwave papers
on methylene chloride (CH2012) do not 1list any pair of connected transitions
usable for double resonance experiments. A choice had, therefore, to be made
between recalculating the entire spectrum up to, say J = 12 (aé had ©o be done
for n-propyl chloride) and calculating only a few low J lines known %0 have
common energy levels and double resonance connections suitable for our spec-
trometer. For simplicity the latter procedure was tried yielding the follow-

ing double resonance possibilities:

35067.0 MHz = 0g0 143

<
li

v, = 15911.9 MHz - 1., + 2,

)
]

o = 29193.5 MHz - 2, = 2,

Subsequent experimental examination showed (Fig. 23) that both double

resonances could indeed be obtained, the first one giving a better signal to

)~ (0
_ 20 00
strong enough for our purposes and was consegquently used throughout the fol-

noise ratio. This (111 -2 - 111) double resonance was considered
lowing stages of this research.

Pressure dependence: An investigation into the pressure dependehce of
the double resonance signal amplitude was performed in the early stages of
this project. After the Incorporation of the phase-lock unit and the result-
ing improvement in signal/noise of the double resonance system, this pressure

dependence was re-investigated and the results obtained earlier were con-
firmed. Three typical traces obtained in the second run are shown in Fig. 24
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Double resonances of
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Fig. 24

Methylene Chloride. Double resonance signals for
three selected gas pressures.
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and the overall behaviour is summarized in Fig. 25,

One striking feature of this curve is that the optimum double resonance
signal occurs at ~ 50 pyHg, whereas the three previous molecules had the op-
timum pressure range at ~ 25 yHg. Secondly: the CH.Cl., double resonance can

, 272
be detected up fo considerably higher pressures than was the case for the

three propane derivatives.

Line shapes: As can be seen from the traces reproduced in this section
there is no detectable fine structure in the O00 I l11 transition used as
double resonance signal line. This result is in agreement with the results
of reference 1 according to which the quadrupole interaction is negligible in
this transition. The absence of fine structure lends additional support to
the selection of the OOO -1 transition as the signal line and enables a

11
balanced double resonance line shape to be obtained.
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(12
Dimethyl sulfide. 2 Dimethyl sulfide, the structure of which is shown in

Fig. 26, concludes the group of five molecules to be investigated under this
research contract.

(CHB)ZS is a prolate asymmetric rotor, and its dipole moment of 1.50D
coincides with the b- axis of the inertia tensor. The values of the rota-
tional constants are such as to allow low J, R and Q branch transitions in the
12 GHz - 40 GHz range.

Although small, dimethyl sulfide is a spectroscopicélly interesting mole-
cule becasue of the presence of two equivalent methyl groups which exhibit
hindered internal rotation. The interaction of these internal motions with
each other and with the overall roftation cause the microwave lines to split
into multiplets (triplets and quartets).

Selection of double resonances of dimethyl sulfide offers at least two
low J double resonances compatible with the fredquency range of our spectro-

meter; they are:

<
I
N
1
AN
1t

30543, 2 MHz

v, = 303 - 312 = 17875.2 MHz

<
It

Wi
l

W
Il

29058.5 MHz

As can be seen from Fig. 27 both these double resonances could be ob-

03 ~ J1p) (31, 7 35 double
resonance being the stronger one. This result agrees with what one would ex-

tained with a good signal to noise ratio, the (3

pect on the basis of established theory. Since the dimethyl sulfide double
resonance lines were considerably stronger than the double resonances observed
in any of the other four molecules a search for more intense high J con-
nections was considered unnecessary.

Pressure dependence: The investigation of the double resonance signal
strepgth as function of the sample pressure was made for both room tempera-
ture and dry ice temperature. Three traces, corresponding to the optimum
pressure and the high and low pressure limits, are included for both tempera-
tures, Fig. 28 and Fig. 29. (The apparent constancy in the signal amplitude
on the three traces of the dry ice run 1s due to a change in the sensitivity
settings of the spectrometer.) The pressure curve for temperature is shown

in Plg. 30.
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Fig, 28

Dimethyl sulfide. Double resonance signals for optimal and
1imiting pressure values. Dry ice temperature.
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DIMETHYL SULFIDE

I
P- ©0u

Fig. 29

Dimethyl sulfide. Double resonance signals for optimal
and limiting pressure values. Room temperature.
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The pressure behaviour of dimethyl sulfide resembles the one in methyl-
ene chloride insofar that the optimum signal occurs around 50 uHg and that the
signal strength decreases more slowly than for the propane derivatives when
the sample pressure is increased. As a conseguence, (CHj)ZS can be observed
at pressures up to 400 pHE. ;

Line shapes: At high and intermediate pressures a balanced double
resonance signal can be obtained for (CHB)ZS' When fthe pressure is decreased
below 10 pHg, the line starts splitting up into a closely spaced multiplet.

As has been mentioned above, this splitting is due to the internal rotation

of the two methyl groups. In the 312 - 3 transition uséd here, the separa-

21
tion between the multiplet components is of the order of .5 MHz.
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Summary. - Before proceeding to diluted samples and mixtures it seems

convenient to summarlize the results obtained on the five contract molecules.

The frequency, pressure, and temperature data obtained on the pure samples
are listed in TABLE IV.

TABLE IV,

SUMMARY OF DATA OBTAINED ON PURE SAMPLES

Selected Double

Resonances Pressure Room Dry
Molecule vb MHz US MHz Min. Opt. Max. Temp. Ice
CHBCHZCOH 202 - 211 211 - 312 2 25 150 yes yes
= 134749 = 33347.0
CH30H2000H 615 - 624 Sy~ 615 1 15 150 yes no
= 17269.0 = 28186.3
CH30H20H201 606 - 615 505 - 606 30 120 yes yes
= 14648, = 36422, 30 120 yes yes
CH2012 111 - 220 Ooo - l11 10 50 400 yes -
= 15912. = 35067.
(CH3)2S 303 ™ 315 5157 331 10 50 400 yes yes
= 17875. = 29058.5

11




Measurements dilufted samples. - The experiments reported in this seetion

are mainly intended to furnish information about the smallest quantity of gas
detectable by the double resonance technidgue.

The easiest approach to the problem in hand is to progressively dilute
one of the samples in air and then to check, down to which degree of dilution
the double resonance signal can still be detected by our spectrometer. Unfor-
tunately, however, not all five contract molecules were suitable for this
simple procedure. Propionic acid, for example, has been found to be so heavily
absorbed on the walls of the wavegulde that a large amount of the sample had
to be admitfed to the cell before a stable pressure was obtained.  In view of
this it was considered pointless fo prepare a diluted sample of this compound.
The gas concenftration in the cell might have turned out to be as much as ten
times smaller than in the originally prepared sample. A similar (but by far
not as pronounced) behavior had been observed on n-propyl chloride. For this
S, CH,CH,CHO,

3)2 3772

and CH2012. The double resonance transitions characteristic for these molecules

(see Table IV) were observed for different pressures on samples diluted in air

reason the research effort was centered on diluted samples‘of (CH

to 1:10, 1:100, and 1:300. The pressure curves resulting from these experiments
are shown in Figs. 31 to 33. Recorder traces of the signals obtained on the
most diluted samples studied are also reproduced along with the corresponding
traces of the pure samples (Fig. 34).

Inspecting Figs. 31 to 34, the following qualitative changes due to dilu-
tion are obvious:

1. The signal/noise ratios do not decrease proportionally to the degree

of dilution. They appear to change more slowly.
2. 1In propionaldehyde, there occurs a shift of the optimum pressure

range to higher values, and the peak of the signal versus pressure

curve broadens out when going from the pure to the 1:100 diluted
sample. No further broadening is observed, however, when changing
from 1:100 to a 1:300 dilubed sample.

3. In CH2012 and (CH3)2

range can be distinguished.

S no shift or broadening of the optimum pressure
A quanitative explanation of these results necessitates an exact calcu-.

lation of the apparent double resonance signal as a function of all the para-

meters contributing to the line shape and is, therefore, beyond the scope of
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Propionaldehyde. Pressure dependence of double resonance signal
amplitude for pure sample and samples dilubted in air.
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Methylene Chloride. Pressure dependence of double resonance
signal amplitude for pure sample and samples diluted in air.
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Dimethyl sulfide. Pressure dependence of double resonance
signal amplitude for pure sample and samples diluted in air.
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Comparison between double resonance signals of
pure samples and samples diluted in air.
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this report. Let it suffice here to indicate that much of the effect can be
gualitatively understood by remembering that diluting a sample can have a
profound effect on the Van de Waals forces acting on the molecules under in-
vestigation.

On the bases of the experiments reported, the qQuestilon raised at the
beginning of this section has to be answered as follows: With the instrument
at our disposal double resonance lines can be picked up from samples which are
1:300 diluted in air.

The above quoted value for the threshold of detectability could be pushed
down by a factor of > 5 if some technical refinements were made to the spec-
trometer., If, in addition, a preconcentration technique was used, the thresh-
o0ld of detectability could be reduced to the order of 10 pyHg.

(i



Measurements mixtures of pure sampleg. - After the basic investigations

on pure samples and the studies on diluted samples there is enough information
available for testing the effectiveness of tThe double resonance technique for-
identifying the components of a mixbure of gases.

In planning this experiment, one has to make sure that the total pressure
obtained when mixing the gases is not higher than the highest pressure, at
which the signal arising from the component with the weakest lines can still
be distinguished from the background noise. When this condition is violated
one will not be able to observe the double resonance indlicative of the compound
whose pressure 1s exceeded.

Guided by this consideration in conjunction with the signal versus pres-

sure curves obtained for the pure and diluted samples of the previous sections,
the partial pressures of the three gases mixed btogether in the first experi-
ment were selected as listed in the second column of Table V. At the result-
ing total pressure of ~ 50 uHg all three double resonances were obtained as
can be seen from Fig. 35. An analogous experiment was later performed on a
mixture of four compounds with partial pressures adjusted as given in Table VI.
The results of this experiment are shown in Fig. 36.

The apparently artificial pressure selection is dictated by the limibta-
tion In sensitivity. Bubt the point to be examined here is the selectivity and
specificity of the double resonance fechnique. Examining the figures with
this point in mind it is seen that each double resonance is free from any
interference due to adjacent lines of the same or any of the other three com-
pounds present in the mixture. This faect represents the most distinct and

most important property of microwave double resonance spectroscopy. Even in

the presence of several compounds producing numerous and possibly interfering
lines {all of which would contribute to the signals observed on a Stark spec-
trometer) the double resonance signal will not be obscured or falsified and a
single double resonance comnection will unambiguously pinpoint the molecule

from which the signal arises.
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TABLE V. - EXPERIMENTAL DATA FOR DOUBLE RESONANCE EXPERIMENT
ON MIXTURE OF THREE COMPOUNDS

Partial Pump Signal
Pressure Frequency Frequency Signal Strength Fig.
Compound in pHg in MHz in MHz Arbitrary Units 35
CHBCHZCOOH 10 17269.0 = 30436.5 = 3 a
615 6y | 6oy 65
| CH,CH,COH 5 13474.9 = 33347.0 = l b
572 2. 27753
11 02 11 12
(CH,).S 35 17875.2 = 29058.5 = 14 c
>z 3,53 3., =3
03 12 12 21
TABLE VI. - EXPERIMENTAL DATA FOR DOUBLE RESONANCE EXPERIMENT
ON MIXTURE OF FOUR COMPOUNDS
Partial Pump Signal
Pressure Frequency Frequency Signal Strength Fig.
Compound in pHg in MHz in MHz Arbitrary Units 36
CHBCHZCOOH 12 17269.0 = 30436.5 = 2 a
615 = b | Oay = b33
CH30H200H 7 13473.9 = 33347.0 = 3.5 b
2 -2 2., =3
02 11 11 12
(cH )23 14 17875.2 = 29058.5 = 16 ¢
? 3., = 3 3., =3
03 12 12 21
CH,CH,CH,C1 12 12775 = 30508.0 = 8 d
3 505 511 | on ™ 5
05 14 o~ “05
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CHzCH,COOM  CHyCH, Con (CW;), S

Yo~17269.0 )’P~ 13,474.9 Yp=1781S:2
K=304365 333470 Vs =290S8.S
\g 35 Chg CH, CH, €L
Q. b. C. d.
H=14448
K=36422
Fig. 36

Double resonance signals obtained in a mixbure
of four gases.
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Instrumental parameters. - Very little has been said so far about the

performance of the spectrometer or possible repercussions of instrumental
limitations on the results of the previous sections. The main dquestions
arising here are: What is the ultimate sensitivity of the double resonance
spectrometer, could it be improved, and how does 1t compare with conventional
Stark modulated spectrometers?

The experiments and calculations to be reported in the following para-
-graphs will throw some light onto these questions.

Signal amplitude as a function of pump power: The amplitude of a double
resonance signal depends on the change in the relative populations of rota-
tional energy levels, which is produced by the "pump" radiation. The magni-
tude of this change (deviation from the Boltzmann distribution) is proportional
to the square of the electric field strength, EZ, i.e. the power density, P,
of the pump radiation in the absorption cell.(13)

Let us, therefore, estimate the power density at the frequency of a

typical pump transition, say at the 202 - 2 transition of propionaldehyde

11
at Up ~ .53 X 107% e.s.u. With this value one obtains as the smallest pos-
sible difference between the populations of the 202 - and 211 - level of pro-
pionaldehyde with Ip,g - 211|2 ~ U0 X 10738 e.s.u., T ~ 1077 sec.

02

1

<n202 ) 1/]211> Pz ECI]QOZ ) ngll)

where

1]

<?2 - Ny j> P = difference in populations when
o2 i1 pump radiation is applied

i

<%2 - ny :)B difference in populations accord-
02 11 ing to Boltzmann distribution

This result means that even with the very optimistic assumption contained in
the above calculation, we are not able to appreciably saturate the pump transi-
tion. The double resonance signals observed on our spectrometer may, therefore,
be several Times weaker than the signals which could be obtained if sufficient

pump power Were available.
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The validity of this statement is supported by an experiment in which
the signal amplitude of the propionaldehyde double resonance was measured as
a function of the pump power. The latbter was varied with an attenuator in-
serted between the isolator and the directional coupler in the P-band arm in
front of the cell. The crystal current on the P-band detector behind the
cell was ftaken as a measure for the amount of pump power within the absorption
cell (Fig. 37).

Signal Amplitude

}

V4 Pump power oc
7 crystal current

< ' b

Fig. 37

Double resonance signal amplitude as a function
of pump power.

The result of this experiment 1s represented in Table VII and shown graphl-
cally in Fig. 38.
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Fig. 38

Double resonances of excifted states
of propionic acid.
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TABLE VII. - DOUBLE RESONANCE SIGNAL AMPLITUDE
AS FUNCTION OF PUMP POWER

X-tal Current Signal Amplitude
in pA in
(cc Pump Power) Arbitrary Units
200 8.3'
190 7.9
160 6.6
135 5.6
100 .2
70 2.9
4o 2.0

The linear increase in signal amplitude with increase in pump power 1s con-
clusive evidence that even at the highest available pump poWer We are still
far away from saturation and, therefore, from the optimal signal amplitude.

Estimate of the ultimate sensitivity: The ultimate sensitivity of the
spectrometer can be estimated by comparing the observed signal/hoise ratio
of a line with the calculated absolute intensity of this transition. We

selected the 211 transition of propionaldehyde for thils purpose.

~ 312
Calculation of the absolube line intensity

1t 4 I it
Ymax ~— 3 crT uij Av
where N = number of molecules per cc in cell

f = fraction of molecules in lower rotational level
uij = dipole moment matrix element

v = transition frequency
Ay = half width of line

k = Boltzmann constant

¢ = velocity of light

T = temperature
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Assuming Ap = 25 MHz/mm

and taking N = 3.2 X 10718 molecules/cn® at 1 mm Hg
T = 300° X
v = 3.3347 X 10*° sec™?

we_ = 312|% ~20
11

we obtain as intermedilate result

~ "2 L
Vyax ~ 5 X 1072 X £ [em2]

Calculating the fraction of molecules in the 2.. state, we have to take

11
into account the existence of two isomers, The presence of two low lying vi-
brations and the nuclear statistical weight arising from the 2 sets of 2

equivalent hydrogen atoms, and obtain

f ~ 1078

Therefore

~ =7 em !
Ymax 5%X 1077 em

By comparing this number with the signal/noise ratio of the propionalde-
hyde traces obtained on the pure sample (Fig. 11) or with the double resonances
obtained on the 1:300 diluted sample (Fig. 34) it is judged that the ultimate
sensitivity of the spectrometer 1s of the order of 107° em "1,
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Comparison with Stark spectra: In order to make a valid comparison be-
tween the ultimate sensitivity provided by the double resonance method on one
side and the Stark modulation technique on the other side, it would be neces~
sary first to use a spectrometer capable of both methods in order to eliminate
all differences which might otherwise arise from the use of different absorp-
tion cells or different electronic equipment and, secondly, to make sure that
the microwave transitions chosen can be fully modulated in both cases {power
requirement in double resonance, electric field requirement in Stark spectro-
scopy.) If such an ideal experiment could be made it would turn out that both
methods are essentlally* equivalent as far as the ultimate sensitivity is con-
cerned. |

After this has been clarified 1t will be obvious that the difference en-
countered in the experiments to follow 1s mainly due to the difference in
electronic equipment and cell lengbh between the double resonance spectrometber,
[built by RSI for NASA, Tangley] and the Stark spectrometers with which the
former is to be compared. ’ ‘ 5 V

Excited states of propionic acid: The excited states of the torsional
vibration in propionic acid, which have previously been observed and assigned
on a Stark spectrometer, offer an excellent opportunity for a sensitivity
comparison between the double resonance and Stark spectrometer. An attempt
was made, therefore, to obtain double resonances for all the excited states
for which the signal line had been observed on the Stark-modulated instrument.

The double resonance connection used here was

Dp = Oy 6243 Us = 624 - 633

and the respective frequencies of these transitions are listed in Table VIII.

The double resonances observed are shown in Fig. 38.

¥Noticeable differences have to be expected for a certain type of low-J, R-
branch transitions.
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TABLE VIITI. - DOUBLE RESONANCE CONNECTIONS FOR
EXCITED STATES OF PROPIONIC ACID

Pump Freq. Signal Freq.
Vibrational MHz MHz
State 615 heid 24 624 -+ 633
Ground state 17,269 30,U36.5
Vp =1 17,093 30,140.0
Uy =2 16,910 29,829.6
Vp =3 16,715 29,500.2
Vp = L 16,506 29,145.7

With an average energy separation of ~ 65 cm * between successive states
of the C-C-C-torsional vibration (T), the intensity of the vibrational satel-
lite decreases by a factor of ~ .7 per excited state. The iIntensity of the
V = 4 transition is therefore ~~ + of the ground state line.

Inspection of the traces shows that the VT = 1 double resonance was ob-
tained with a better signal/noise ratio than the ground state double resonance.
This can be explained only by assuming that there is greater pump power avail-
able at the pump frequency of VT = 1 than there is at VT = 0. Subsequent ex-
amination of the power output of the P-band sweeper has proven that this is
the correct explanation for the observed anomaly. TUnfortunately no Stark
traces are availlable that could be reproduced here for comparison. However,
the simple fact that the signals from the excited state lines could indeed be
observed represents enough evidence that the double resonance spectrometer
preserves the sensitivity of a Stark spectrometer.

Spectra of propionic acid and diluted propionaldehyde: A second possi-
bility to obtain a sensitivity relation befween the double resonance and Stark
spectrometer is to compare the spectra of diluted samples or other samples
known to have weak absorption lines. The 211 e 312 transition of 1:100
~ diluted propionaldehyde and the Soy ™ 615

considered good test-cases and thelr Stark signals were, therefore, recorded.

transition of propionic acid were

In Fig. 39 the Stark traces obtained can be compared with the corresponding
double resonance signals. From this figure it is easily seen that the signal/
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Comparison between double resonance signals and
signals obtained on a Stark spectrometer,
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noise ratio is considerably better for the double resonance signals.

Summary. - The experiments and calculations presented in this section

can be summarized as follows:

1. The pump power available on the double resonance Spectromeber is not
sufficient to obtain the optimum signal amplifude. With more pump
power a considerable improvement in sensitivity could be obtained.

2. The ultimate sensitivity of the double resonance spectrometer is es-
timated to be of the order of 1072 cmt.

3. There is no intrinsic difference in sensitivity between the double
resonance and Stark modulation technique. However, the use of longer
absorption cells is facilitated in double resonance spectfoscopy and
hence. a higher sensitivity can be obtained with greater ease than on
a Stark spectrometer.

I, A comparison of weak absorption signals, obtained on both a Stark
system and the double resonance spectrometer, indicates that the
double resonance spectrometer isbapproximately five times better in

signal/noise ratio than the Stark system tested.
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CONCLUSION

The investigations of this report show that mlcrowave double resonance
spectroscopy does not differ appreciably from conventional Stark spectroscopy
when sensitivity and resolution are considered. An important aﬁd very dis-
tinct advantage over the latter 1s brought about, however, by the great sim-
plification of complex spectra and unlque selectivity.' These two assets at
double resonance spectroscopy allow a much faster and still unambiguous
identification of polar gases than could be achieved by the Stark modulation
technique.

The pressure range in which the double resonance technique can be employed
extends from ~ pHg to ™~ 100 puHg. This identifies a double resonance spec-
trometer as a low pressure device and curtails 1ts major drawback. In order
to make it applicable for the detection of trace contaminants in an atmosphere
of 760 mm Hg, the sample pressure [i.e. the amount of gas to be detected] has
to be reduced by a factor of ~ 10%, resulting in a corresponding loss of
sensitivity.

It is felt that research inbo preconcentration techniques is now needed
in order to eliminate this drawback. Once this is accomplished, microwave
double resonance spectroscopy could become an extremely powerful tool for gas

contaminant identification.
Research Systems, Inc.

236 Grove Street
Lexington, Massachusetts 02173 May 15, 1967
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APPENDIX

Stark Modulated Microwave Spectrometer

Let us assume that we have a gas of molecules which has only two gquantum
states 1 and 2 separated in energy by (En)lg = hy 5. Further, we assume that
the average lifetime of a molecule in either of these two states is the same
and equal %o 1, where v is the mean time between collisions of the molecules.
It is crucial to note at this point that + is a function of pressure. In fact,
for an ideal gas, if we double the pressure 7 1s decreased by a factor of two.

Thus v and p (bhe pressure) are related by the equation

T = c/p

where ¢ is some constant whose value turnskout not to be important to us.
Suppose now wWwe allow a monochromatic source of radiation at frequency w to
impinge upon this gas of molecules, and we ask how much power is absorbed at
frequency w by the gas from the radlation field. The radiation field may be

represented by
E = E0 cos wt
where Eo is a constant independent of the time t and is generally called the

amplitude of the radiation field, In this case the power absorbed by the gas

at frequency w can be shown to be (reference 1, chapter 13, reference 2)

bz Ej 2
2T ~5F hv; 5
P (absorbed) = (n; -ng)
w 2
s 3 %] Eo 5
1+ (m—wo) ™ + 4 —F] T

where

number of molecules per cm® in state 1 for the gas at thermal

2
i

equilibrium
n, = number of molecules per cm® in state 2 for the gas at thermal

equilibrium
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= 2 v
(.00 T Mo

My 5 = dipole moment of the molecular system for the transition from

state 1 to 2.
h is Planck!s constant
B = h/2n

The parameter |p13 EO/2E]2 occurs frequently in the following discussion and
80 we define

151 = e 5,/25]

and the absorbed power becomes

2r|yl® hu s

Pw (absorbed) = (n; -ny)
1+ (w-w)? 7 + 4lylz 2

Note that 7 depends upon the molecular system through u,, and on the amplitude

of the radiation field through Eo' However, y 1s independent of pressure.

Dependence of signal strengbh on power absorbed. - In general for Stark

modulated spectrometers the signal S observed depends linearly on the power
absorbed so that we may say

Sw =g Pw {absorbed)
where g is 4 consbant depending upon the length of the wavegulde, the gain of
the amplifiers and many other parameters. It turns out that the exact form
of g is completely unimportant to us. What is important to realize is that
the signal seen on the Stark modulated spectrometer 1s some constant multiple
of Pw (absorbed). Incidently, this result is not obvious and in fact in some

cagses 1is not even true. These cases Wwill not concern us here. Thus we always
take

2le12 thg

8 ~(n -ng)
¢ 1+ (w-w)? 72 + 4ly|®
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For low amplitude radiation fields it 4s usually the case that

Uyl + «< 1

With this approximation we may take

2’1"5{{2 hvlg
Sw ~ {ny -nz)

1+ (w—wo)g T

Let us rewrite this without using the y shorthand as

Y12 Eo 2

2T —————Zh h‘l)lg

Sw ~ (nl -ng)
1+ (w-wo)2 T2

We would 1ike to plot Sw as a function of w for a gas at constant temperature
and pressure. Holding temperature and pressure constant simply insures that

m, Ny, T are constants. Furthermore, we also hold the amplitude EO of the
radiation field

E = E0 cos wb

constant and vary only its frequency w. Under these conditions the only vari-
able in S is w.
w

S |
TR [ U
max
Sdnax/2 """"""""
w
.




There are several important points to note about the shape and character of Sm.
bz Ej 2

2h

1. S = Sw ~ (ng -ng) 27 hy 5

.0

2. Smax/2 oceurs at w = o F 1/t . This follows by setting

M1 EO @
2rl—% I hmz
(ny -ny) =3%3
1+ (w--wo)2 T

max

and solving for w.
3. From (2) it follows that AW, = 2/t. Aw; is the full width at half
2 2
height of the absorption signal.

We may now consider the behavior of 5, as a function of power and as a

function of the pressure in the applied radiation field.
1. Sw as a Function of Power in the Field:
The power in 2 radiation field of the form
E = EO cos b

is proportional to Ei . That is

Power (Field) “‘Ei
Note also that Sm “'Ei so that we have

S
w ~ Power .

The signal height is directly proportional to the power of the ap-

plied field. It is important to remember that this result has been

derived with the approximation

byl @ <1 or

I].hlg Eo/hlz ™ << 1
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Thus if E% becomes so large that the above in-equality no longer
holds Sw is no longer linearly related to Power (Field). In the
case where |pz Eo/h|2 1 > 1 the signal is said to be saturated
or saturation broadened or power broadened. Physically this cor-

responds to a situation where the radiation field is so intense
that the rate at which molecules are excited from state 1 to state
2 by the field is much greater than the rate at which they relax
from state 2 to state 1 by collision processes.

Sm as & Function of Gas Pressure:

a. We have

bz B 2_
max 20 ' hvla}

See the quantities in the curly bracket are independent of pressure.

S ~ (nl -ng) T {2

Thus The only pressure dependence of Smax is in (ny -n,) tv. Pre-

viously we noted T ~ 1/p. To a sufficient degree of accuracy n;, N

(the number of molecules per cm® in states 1, 2) are linearly related

to pressure. Thus (n; -ny,) ~ p so that we have the important result:

Smax is independent of pressure .

[The maximum height of the absorption signal is independent of pres-
sure.]
b. We have

Awy = 2/7 .

nj=

However, we also know T ~ 1/p. Thus

Aw;~p .
—

The 1line width of the absorpfion is directly proportional to pressure.
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Conclusion (Part I). - The above considerations may seem tedious to those

well acquainted with pressure broadening concepts in microwave spectrocopy or
too brief for those with no contact at all. This presentation has been given
to serve as a basis for understanding the double resonarnce line shape charac-
teristics. Further details on the preceding can be found in references 1 and 2.
Results for ordinary Stark modulation: ‘
1. Linewidth doubles if pressure is increased by a factor of two (directly
proportional).
2. Signal height at peak (w = wo) is independent of pressure. This is
because (n, - ny) is directly proportional to pressure but tv is in-

versely proportional. Thus (n; - np) is independent of pressure.
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